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analyzing the time resolved decay. In a typical experiment, a probe (or pair of
probes in the case of a FRET experiment) are innocuously attached to specific
sites on myosin and actin. We then measure underlying protein dynamics by
time resolved anisotropy and accessibility which reflect the local restricted mo-
tion of the probe, and by FRET which reflects the distance (or when k2 does
not = 2/3, distance and the relative dipole orientation) between two probe pairs.
When these measurements are performed during a biochemical transient initi-
ated by stopped flow, we gain incite into the millisecond scale ‘‘structural
kinetics’’ associated with the transition. These studies are made possible by
the recent development of a high throughput time resolved fluorescence spec-
trometer which can measure a complete, high resolution, time resolved fluores-
cence decay, in 0.1 ms. The high throughput character of this instrument allows
us to measure changes in the time resolved fluorescence decay and thus struc-
tural dynamics of a probe during a stopped flow initiated biochemical transient.
The added dimensionality afforded by time resolved fluorescence isolates dis-
crete populations of structural states in the ensemble. It also increases the mea-
surement precision. We are using this approach to measure millisecond scale
structural transitions that occur in myosin during nucleotide binding, hydrolysis
and product dissociation and during actin binding and detachment.
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Orientation of the Myosin Regulatory Light Chain in Cardiac Muscle
Determined by Polarized Fluorescence
Thomas Kampourakis, Yin-Biao Sun, Andrea Knowles, Birgit Brandmeier,
Mathias Gautel, Malcolm Irving.
The myosin regulatory light chain (RLC) is a component of the myosin lever
arm, and the cardiac RLC isoforms are common sites of mutations associated
with familial hypertrophic cardiomyopathy. Phosphorylation of the RLC can
modulate cardiac contractility independently of troponin/tropomyosin-mediated
regulation, but the molecular mechanism of such modulation is poorly under-
stood. We are investigating structure-function relationships in the cardiac myo-
sin RLC in the native environment of cardiac muscle cells. Pairs of cysteine
residues were genetically introduced at six different pairs of surface-accessible
sites in the RLC, each of which are 10-15 A˚ apart. Three pairs of cysteines were
introduced in the N-terminal lobe of the RLC, and three in the C-terminal
lobe. Each pair of cysteines was cross-linked with a bifunctional rhodamine:
bis-[N-iodoacetyl(piperazyl)]-sulforhodamine (BSR; B-10621, Invitrogen)
and the labelled protein purified to 95% homogeneity. The pure 1:1 BSR-RLC
conjugates are exchanged into demembranated cardiac muscle cells and the ori-
entation of the BSR fluorescence dipole determined by polarized fluorescence.
With three probes on each lobe of the RLC, the orientation of the lobe with re-
spect to the actin filament axis and the bend between the lobes can be deter-
mined. We are measuring these orientations under various physiological
conditions including relaxation, active contraction, and rigor, and investigating
the effects of RLC phosphorylation by myosin light chain kinase. These exper-
iments should provide insight into RLC function in cardiac muscle and the
mechanism of modulation of cardiac contractility by RLC phosphorylation.
Supported by the British Heart Foundation.
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EPR Spectroscopy Shows Oriented Myosin Heads in Relaxed Muscle
Fibers
Nariman Naber, Roger Cooke, Edward Pate.
The super relaxed state (SRX) is a newly discovered state of myosin in relaxed
skinned skeletal fibers characterized by an ATP turnover-rate that is an order of
magnitude lower than the turnover-rate measured for skinned fibers. X-ray dif-
fraction and cryoEM show a high degree of order in the myosin heads in relaxed
filaments. Conditions that perturb the ordered array also perturb the fraction of
myosin in the SRX, suggesting the two are related and motivating the use of
EPR spectroscopy to study the structure of the SRX. However, EPR has previ-
ously reported that the myosin heads are highly disordered in relaxed fibers.
The sole exception was Baker and Thomas, who observed orientation of a probe
on the RLC of myosin in scallop fibers. Using spin-labeled nucleotide-analog
EPR spin probes and blebbestatin to stabilize the SRX in skeletal muscle, we
now observe an oriented spectrum in relaxed fibers. A similar long-lived state
is seen using epifluorescence of mant-nucleotides in skinned fibers in the pres-
ence of belbbestatin. We have repeated the experiments using skinned tarantula
muscle. The filaments are dual regulated.Nucleotide-analog EPR spin probes re-
port oriented myosin heads in relaxed fibers when the heads are dephosphory-
lated. Orientation disappears when the myosin heads are phosphorylated. EM
likewise shows an oriented array of thick-filament myosin heads in dephos-
phorylated fibers that disappears in phosphorylated fibers (Craig, Padron,et al). Together, these data support the hypothesis that the SRX cross-bridges
and the oriented array of cross-bridges seen in EM are the same.
703-Pos Board B503
High-Resolution EPR of a Bifunctional Spin Label Reveals an ADP
Induced Structural Rearrangement of the Actin-Bound Myosin Catalytic
Domain
Ryan N. Mello, Roman V. Agafonov, Andrew R. Thompson,
David D. Thomas.
We have used electron paramagnetic resonance (EPR) of a bifunctional spin
label (BSL) to measure structural transitions of the catalytic domain (CD) in
Dictyostelium myosin II. The use of BSL is a critical feature in this work.
The bifunctional attachment of BSL eliminates most of the nanosecond mo-
tions characteristic of monofunctional labels, making it possible to measure
protein structural transitions with a precision not previously achievable.
Two double-Cys constructs were engineered with Cys residues at helical lo-
cations i and iþ4 (494.498 and 639.643). Residues 494.498 are located on the
relay helix and residues 639.643 are located on a helix adjacent to the relay
helix. After BSL labeling, myosin was bound to actin in oriented muscle
fibers, making it possible to measure helix orientation relative to the fiber
axis. Spectra were acquired in APO and ADP states. Simulation of the
494.498.BSL spectra demonstrates that in APO and ADP states there are
two highly ordered populations of the relay helix. APO and ADP spectra con-
tain the same two spectral components, but the distribution of these two com-
ponents differs between states. Similarly, spectra from the 639.643 construct
reveal an ADP-induced structural transition, but the difference between APO
and ADP spectra demonstrates a 3o rotation of the 639.643 helix. Our results
demonstrate structural transitions of two helixes within the CD of actin-bound
myosin associated with nucleotide binding. Measuring these transitions is es-
sential to understanding the molecular mechanism of force generation. This is
particularly true for the relay helix, which plays a key role in the coupling of
myosin ATPase and motor function. Additionally, these results demonstrate
the utility of BSL for measuring transitions in protein orientation, order,
and dynamics.
704-Pos Board B504
Functional Mutations in the Force Generation Region Destabilize the
Relay Helix in Myosin
Roman V. Agafonov, Sarah Blakely, Margaret A. Titus, David D. Thomas,
Yuri E. Nesmelov.
We have used pulsed EPR spectroscopy (DEER) to determine the structural
effects of point mutations in the force generation region of myosin (I499A,
F506A, F692A, D.discoideum sequence). As it was previously reported, these
myosin mutants maintain basal ATPase activity, but completely lose their mo-
tor function. It was proposed that F506A, located in the relay loop, disrupts
communication between the nucleotide binding site and the force generation
region in myosin, and F692A and I499A, located on the interface with the con-
verter domain, affect coordination of the converter domain relative to the my-
osin head. In this study we assayed the structure of the relay helix in these
mutants and in wild-type myosin. The mutations were introduced into the
A639C:K498C myosin construct, both Cys were labeled with maleimide
spin probes, and interprobe distance was measured. Previous studies showed
that probes at these sites detect the nucleotide-induced bending of the relay he-
lix. Observed spin echo decays were interpreted in terms of one or two Gauss-
ian distance distributions, corresponding to one or two myosin structural
states. Nucleotide analogs were used to trap myosin in several biochemical
states. In the wild type, two structural states, corresponding to pre- and
post-recovery stroke, are present in a single biochemical state. The mutations
affect the equilibrium between these two structural states and increase the con-
formational disorder, indicating that these mutants destabilize the structure of
the force-generation region, particularly in the post-recovery state. These re-
sults provide a structural explanation for the functional perturbation, intro-
duced to myosin.
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A Novel Actin Binding Site of Myosin is Responsible for Effective Muscle
Contraction
Boglarka Varkuti, Zhenhui Yang, Balint Kintses, Peter Erdelyi,
Tibor Vellai, Miklos Kellermayer, Andras Malnasi-Csizmadia.
F-actin is a track protein for myosin motors as well as an activator of the myosin
ATPase activity. Actin activation provides effective contraction by increasing
the ratio of productive myosin heads over futile heads by several orders of magni-
tudes. Despite the functional significance of actin activation, its structural
Sunday, March 6, 2011 131amechanism was still unrevealed. We demon-
strate a new, conserved actin binding region,
called activation loop. It is located at the relay
region which swings the lever of myosin upon
thepowerstroke.Weprove that activation loop
interactswith theN-terminal segment of actin.
We found that this interaction specifically ac-
tivates myosin ATPase. Biochemical (steady
state and transient kinetic fluorescent mea-
surements) and in vivo experiments using
transgenic C. elegans strains proved that acti-
vation loop is responsible for force production
but not essential for motility per se. We con-
clude that actin binding to activation loop di-
rectly accelerates the lever movement. This process increases the ratio of
working myosin heads and produce effective muscle contraction.
706-Pos Board B506
Interaction of a Novel Fluorescent Non-Nucleotide ATP Analogue with
ATP-Driven Molecular Motors
Keiko Tanaka, Taro Kimura, Shinsaku Maruta.
Fluorescent nucleotide analogues are essential for analysis of nucleotide-binding
proteins. Most of fluorescent-labeled ATP analogues are ribose-modified. How-
ever, they are known to be 2’ and 3’ isomers mixture. Often these isomers show
different properties each other. To avoid isomers, we designed and synthesized
non-nucleotide fluorescent ATP-analogue,N-methylanthraniloyl amino ethyl tri-
phosphate (MANTTP) which similar structure to the non-nucleotide ATP ana-
logue 2-[(4-azido-2-nitrophenyl) amino] ethyl triphosphate (NANTP). It is
known that NANTP are good substrate for skeletal myosin and induces actin glid-
ing in vitromotility assay. Excitation and emissionmaximums in the fluorescence
spectrumMANTTPwere 330nm and 430nm, respectively.MANTTPwas hydro-
lyzed by conventional kinesin and skeletal myosin, and induced dissociation of
acto-myosin. The MANTTPase of myosin and kinesin were significantly acti-
vated by actin andmicrotubule, respectively. TheADP formofMANTTPshowed
the formation of skeletal muscle myosin-MANTDP-BeFn complex which mimic
the transient state in ATPase cycle and this complex detaches from actin filament.
KSV ofMANTDP-S-1-phosphate analogue complex showed significantly smaller
value than that of freeMANTTP. The results suggested that the fluorophore moi-
ety ofMANTDP in the complex is burieddeeply in theATPbinding site. Thefluo-
rescent intensity of MANTTP itself does not change on binding to myosin ATP
binding site, however,MANTTPshowedsignificantFRETbetween intrinsic tryp-
tophan residue of skeletal muscle myosin and MANTTP. The binding of
MANTTP to myosin can be observed as fluorescence increase on the stopped
flow system. The second-order rate constant forMANTTP first binding tomyosin
is 0.15106M1s1. It was shown that the novel fluorescent ATP analogue is
applicable to the kinetic studies on ATPases.
Electron and Proton Transfer
707-Pos Board B507
Proton Conduction via Water Wire in the Hv1 Proton Channel
Eric V. Schow, J. Alfredo Freites, Stephen H. White, Francesco Tombola,
Douglas J. Tobias.
The voltage-gated proton (Hv1) channel (2006, Science 312: 589; 2006, Nature
440: 1213) is homologous to the voltage-sensing domain (VSD) of voltage-
gated ion channels, but unlike ion channels, Hv1 lacks a central pore domain.
In Hv1, which forms a dimer, but also functions as a monomer, the VSD serves
dual functions: it gates the proton current and also acts as the proton conduction
pathway (2008, Neuron 58: 546; 2008, PNAS 105: 9111). In order to under-
stand the proton conduction mechanism in Hv1, we have performed all-atom
simulations of Hv1 and its mutants in a lipid bilayer in excess water to an ag-
gregate trajectory length that exceeds 1 ms. To generate our Hv1 structural
model, we used the VSD structure of the Kv1.2 paddle-chimera channel
(2007, Nature 450: 376) as a template. Because the Hv1 S4 helix contains
only three of the four highly conserved arginines (R1-R4) that are known to
confer voltage sensitivity in VSDs of Kv channels, we generated two initial
model configurations; one where the Hv1 S4 arginines were aligned to R1-
R3 of the Kv VSD structure, and a second one where they were aligned to
R2-R4. In both models, we observe a water wire that extends through the mem-
brane, and is single file over a stretch of 8A˚. In contrast, in a control simulation
of the Kv chimera VSD, no waters are observed in the corresponding region. A
network of charged residues that includes the S4 arginines as well as several
acidic residues coordinates the Hv1 water wire. The presence of multiple basicand acidic residues in the region central to the water wire may explain the
robustness of proton conduction in the presence of a variety of mutations
(2010, NSMB 17: 869).
708-Pos Board B508
Bovine Cytochrome Oxidase Structures Enable Molecular Oxygen Reduc-
tion without Formation of Active Oxygen Species, Providing a Proton
Pumping Gate
Shinya Yoshikawa.
The O2 reduction site of cytochrome c oxidase (CcO), comprising iron (Fea3)
and copper (CuB) ions, is probed by X-ray structural analyses of CO, NO
and CN- derivatives to investigate the mechanism of the complete reduction
of O2. Formation of the Fea3
2þ-CN- derivative contributes to the trigonal planar
coordination of CuB
1þ and displaces one of its three coordinated imidazole
groups while a water molecule becomes hydrogen-bonded to both the CN-
ligand and the hydroxyl group of Tyr244.When O2 is bound to Fea3
2þ, it is neg-
atively polarized (O2
-), and expected to induce the same structural change
induced by CN-. This allows O2
- to receive three electron equivalents non-
sequentially from CuB
1þ, Fea3
3þ and Tyr-OH, providing complete reduction
of O2 with minimization of production of active oxygen species.
The proton pumping pathway of bovine CcO comprises a hydrogen bond net-
work and a water channel which extend to the positive and negative side
surfaces, respectively. Protons transferred through the water channel are
pumped through the hydrogen-bond network electrostatically with positive
charge created at the Fea center by electron donation to the O2 reduction site.
Binding of CO or NO to Fea3
2þ induces significant narrowing of a section of
the water channel near the hydrogen-bond network junction, which prevents ac-
cess of water molecules to the network. In a similar manner, O2 binding to
Fea3
2þ is expected to prevent access of water molecules to the hydrogen-
bond network. This blocks proton back-leak from the network and provides
an efficient gate for proton pumping.
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Preferred Pathway of Electron Transfer in the Dimeric Cytochrome b6f
Complex: Selective Reduction of One Monomer
S. Saif Hasan, Stanislav Zakharov, William A. Cramer.
The cytochrome b6f and bc1 (cyt bc) complexes are symmetric dimeric struc-
tures that enclose a central cavity that traps lipophilic quinone/ol from the
membrane. The function of the dimer in electron transfer between the two
hemes, bp and bn, is not known. Cross-over between the two hemes bp was pre-
dicted1 and recently observed.2,3 although the branching ratio for cross-over is
not known. Consideration of inter-heme distances in the photosynthetic bacte-
rial bc1 complex,
4 and in a range of cytochrome bc complexes5 imply that the
intra-monomer pathway (bp-bn) is significantly preferred over a pathway in-
volving cross-over between the two hemes bp. Split circular dichroism spectra
in the Soret band of cytochrome bc complexes, (node of the CD spectra in the
Soret band coincides with the absorbance maximum of hemes) imply that two
b-hemes interact excitonically.6 Consideration of inter-heme distances and an-
gular orientations imply that exciton interaction in the Soret absorbance band
detected by CD arises between reduced hemes bp and bn. Reduction of the
b6f complex by NADPH-ferredoxin in thylakoid membranes,
7 or for cyanobac-
terial b6f complex isolated in detergent,
8 accomplishes the reduction of no more
than half of the b heme in the complex. It is inferred that enzymatic reduction
by FNR bound to the complex reduces hemes bp and bn in only one monomer of
the dimer, perhaps because only one FNR can occupy the n-side (stromal)
docking site of the dimer. It is inferred that inter-monomer bp - bp electron
crossover is inefficient in this experiment (Support: NIH GM38323). Refer-
ences: 1Soriano et al., 1999; 2Swierczek et al. 2010; 3Lanciano et al. 2010;
4Shinkarev & Wraight 2007; 5Cramer et al. 2010, in preparation; 6Palmer &
Degli-Esposti 1994; 7Furbacher et al. 1989; 8Yamashita et al. 2007.
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Design of Transmembrane Electron Transport Chain within Amphiphilic
Protein Maquettes
Bryan A. Fry, Gregory R. Wiedman, Christopher C. Moser, P. Leslie Dutton,
Bohdana M. Discher.
Electron transport chains are fundamental to both photosynthesis and oxidative
phosphorylation. Protein-based electron transport chains transfer electrons from
high-energy donors to lower-energy acceptors and are commonly coupled to the
translocation of protons across a membrane, producing a transmembrane electro-
chemical potential gradient. Electron transfer rates within these chains are gov-
erned primarily by the distance between redox centers and by the driving force
that originates from the redox mid-point potentials or coupled catalytic reactions.
The complexity of natural redox protein structures contrasts the relatively simple
rules of cofactor placement that, inprinciple, govern the electron transfer behavior.
